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INTRODUCTION 
Coal hydrogenation remains an a t t r a c t i v e  and p o t e n t i a l l y  u s e f u l  source o f  l i q u i d  

f u e l s .  There have been a number of s t u d i e s  on t h e  comparative e f f e c t i v e n e s s  of  var- 
ious c a t a l y s t s  and t h e  r e s u l t s  have been reviewed from t ime t o  t ime (1-5) .  
i c a n t  f ind ing  which has emerged from such s t u d i e s  i s  t h e  importance of  c a t a l y s t  d i s -  
t r i b u t i o n .  For example, i n  t h e  hydrogenation of  Rock Spr ings  c o a l ,  n icke lous  ch lor ide  
was found t o  be an i n e f f e c t i v e  c a t a l y s t  when added a s  a powder, however, it was q u i t e  
e f f e c t i v e  when it was impregnated on coa l  ( 6 ) .  

Because of  t h e i r  compatabi l i ty  with t h e  pas t ing  o i l  which i s  used t o  s l u r r y  coal  
i n  hydrogenation s t u d i e s ,  organometal l ic  compounds would seem t o  be a b l e  t o  d i s p e r s e  
b e t t e r  and t h e r e f o r e  might be expected t o  be more e f f e c t i v e  c a t a l y s t s .  

Coal can be regarded as a highly c r o s s  l inked "polymer" i n  which condensed aro-  
mat ic  r i n g s  a r e  l inked  t o  one another  through hydroaromatic o r  heteroatom l inkages  
( 7 , 8 ) .  
by t r a n s f e r  of hydrogen t o  g ive  s o l u b l e  products  o r  they  may recombine t o  form i n -  
s o l u b l e  chars  ( 9 ) .  The hydrogen which i s  t ransfer red  t o t h e  r a d i c a l  could come from 
coal  i t s e l f ,  donor so lvent  o r  molecular hydrogen. I t  i s  p o s s i b l e  t h a t  some organo- 
m e t a l l i c s  might be a b l e  t o  genera te  an in te rmedia te  under l i q u e f a c t i o n  condi t ions  
which might be an e f f e c t i v e  hydrogen t r a n s f e r  agent (10) .  

l i s h e d .  
f e c t i v e  (11) .  However, a t  higher  temperatures  some organometa l l ics  were found t o  a i d  
coal  l i q u e f a c t i o n  (12) .  Metal naphthenates  of  molybdenum, n i c k e l ,  t i n ,  i r o n  and 
cobal t  produced conversions exceeding 80 percent  a t  500°C, zero t ime a t  temperature  

A s i g n i f -  

On hea t ing ,  weak bonds break leading t o  f r e e  r a d i c a l s  which can be s t a b i l i z e d  

A few r e p o r t s  on t h e  u s e  of  organometal l ics  i n  coa l  l i q u e f a c t i o n  have been pub- 
I t  appears  t h a t  a t  temperatures  l e s s  than 35OoC such c a t a l y s t s  a r e  i n e f -  

( 4 ) .  
In t h e  present  s tudy we have assayed t h e  c a t a l y t i c  a c t i v i t y  of a v a r i e t y  of 

organometal l ic  compounds i n  t h e  l i q u e f a c t i o n  o f  two New Mexico c o a l s .  We have a l s o  
examined t h e i r  e f f e c t  on t h e  propor t ion  o f  asphal tene  and o i l  produced. 

EXPERIMENTAL 
Parr  4022 pressure  r e a c t o r  w i t h  1 l i t e r  T316 s t a i n l e s s  s t e e l  bomb, 2250 wat t  

h e a t e r  and 0-600°C automatic  temperature  c o n t r o l l e r  was used i n  a l l  hydrogenation 
experiments. 
i n  a g l a s s  vesse l  ( l i n e r )  which f i t t e d  snugly i n s i d e  t h e  bomb. 

high v o l a t i l e  coal  from York Canyon seam i n  Raton Formation.n.ere used i n  our s t u d i e s .  
Ult imate  a n a l y s i s  of  t h e  c o a l s  i s  given i n  Table 1. 

I n t o  t h e  g l a s s  conta iner  15g of -60 mesh coa l ,  c a t a l y s t  (1% o f  maf coa l )  and 
45g te t rahydronaphthalene (THN) were placed.  The c o n t a i n e r  was put  i n  t h e  s t e e l  
bomb and t h e  bomb was pressur ized  with hydrogen t o  1500 p s i  a f t e r  f l u s h i n g  t o  r e -  
move a i r .  
e r a t u r e  f o r  t h e  s e l e c t e d  r e a c t i o n  time. 
ing motion of  t h e  pressure  r e a c t o r .  After  t h e  r e a c t i o n ,  t h e  bomb was cooled t o  room 
temperature  and conten ts  f lushed  with benzene and f i l t e r e d .  The f i l t e r - c a k e  was ex- 
t r a c t e d  i n  a soxhle t  e x t r a c t o r  f o r  24 hours ,  d r i e d  and weighed t o  o b t a i n  t h e  weight 
of  unreacted coal  and a s h .  Af te r  d i s t i l l i n g  o f f  benzene from t h e  f i l t r a t e  and t h e  
soxhle t  e x t r a c t ,  pentane was added t o  P r e c i p i t a t e  asphal tene  which was f i l t e r e d  and 
d r i e d  t o  a cons tan t  weight a t  50°C a t  3mm i n  a vacuum oven. 

After  d i s t i l l i n g  pentane from t h e  f i l t r a t e  through a vigreaux column, a s  much 
of THN a s  p o s s i b l e  was removed by d i s t i l l a t i o n  under vacuum (16mm) and an o i l  bath 
temperature  of 12OoC.  A weighed amount of methylnaphthalene (MN) was added t u  t h e  
res idue  which was thinned with chloroform and analyzed by gas  l i q u i d  chro:ratography. 

I n  order  t o  avoid c a t a l y s t  memory e f f e c t s ,  t h e  r e a c t a n t s  were placed 

A sub-bituminous coa l  from Navajo Mine (South Barber Seam 8) and a bituminous 

I t  was then heated t o  t h e  designated temperature  and kept  a t  t h a t  temp- 
The r e a c t a n t s  were kept  mixed by t h e  rock- 
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From the  a r e a s  of  t h e  peaks of THN and MN t h e  amount o f  THN present  was ca lcu la ted  
us ing  a c o r r e c t i o n  f a c t o r  determined previous ly  from a mixture  of known amounts of 
THN and MN. 
amount of THN gave t h e  amount of  o i l  p r e s e n t .  

Percent  Conversion = (maf coa l  - unreacted coa l )  X 100 / maf coa l  
Percent y i e l d  asphal tene  = w t .  o f  asphal tene  X 100 / coal  converted 
Percent  y i e l d  o i l  = w t .  o f  o i l  X 100 / coal  converted 
Percent conversion asphal tene  = wt. o f  asphal tene  X 100 / maf coa l  o r i g i n a l l y  present  
Percent  conversion o i l  = w t .  o f  o i l  X 100 / maf coa l  o r i g i n a l l y  present  

RESULTS AND DISCUSSION 

organometal l ic  compounds o f  pal ladium, rhenium, i r id ium,  molybdenum, rhodium, i ron ,  
c o b a l t ,  t i n  and n icke l  were found t o  be e f f e c t i v e  c a t a l y s t s .  Organometallic com- 
pounds of germanium, tungs ten ,  ga l l ium,  a r s e n i c  had moderate c a t a l y t i c  a c t i v i t y  
whereas t h e  organometa l l ic  compounds of  copper ,  l ead ,  z inc  and manganese had mar- 
g i n a l  o r  no c a t a l y t i c  a c t i v i t y .  

For t h e  York Canyon Mine coa l  (Table 3)  organometal l ic  compounds o f  i r idium, 
rhodium, molybdenum and n icke l  showed good c a t a l y t i c  a c t i v i t y .  Organometallic com- 
pounds of germanium, n i c k e l ,  ga l l ium and antimony were found t o  be moderately a c t i v e  
whereas compounds o f  a r s e n i c ,  copper, l e a d ,  manganese, chromium and zinc had no o r  
marginal c a t a l y t i c  a c t i v i t y .  

Of t h e  o t h e r  c a t a l y s t s  t e s t e d ,  s tannous c h l o r i d e  was found t o  be an exce l len t  
c a t a l y s t  i n  agreement with o t h e r  r e p o r t s  i n  l i t e r a t u r e  and was used a s  a s tandard of 
comparison. Ammonium molybdate on t h e  o t h e r  hand was found t o  have marginal c a t a -  
l y t i c  a c t i v i t y .  

Hydrol iquefact ion of coa l  i s  t h e  
n e t  r e s u l t  of  a complex s e r i e s  of  p a r a l l e l  o r  sequent ia l  r e a c t i o n s  including hydro- 
gena t ion ,  thermal f ragmentat ion,  d i s p r o p o r t i o n a t i o n  and s t a b i l i z a t i o n  of f r e e  r a d i c a l s  
e t c .  I t  was thought t h a t  d i f f e r e n t  c a t a l y s t s  would a f f e c t  many of t h e  above reac t ions  
t o  varying degrees  and t h u s  change t h e  propor t ion  o f  asphal tene ,  o i l  and gas  produced. 

and o i l  and t h e  amount o f  each was determined by t h e  procedures descr ibed i n  t h e  ex- 
per imental  s e c t i o n .  Percent of  t h e  product  found a s  asphal tene  and o i l  a r e  shown i n  
Table 4 .  

o i l  produced i s  1 . 7  whereas f o r  most o f  t h e  a c t i v e  c a t a l y s t s  t h e  r a t i o  i s  1 .8-2 .5 .  
Thus many of  t h e  c a t a l y s t s  produce s l i g h t l y  more asphal tene  than t h e  uncatalyzed hydro- 
gena t ion .  
c a t e s  t h a t  very l i t t l e  gaseous products  a r e  formed i n  hydrogenations a t  38OoC f o r  6 
hours .  

These r e s u l t s  can be accommodated i n  t h e  free r a d i c a l  mechanism of  coa l  l ique-  
f a c t i o n .  A t  h igh temperature  c o a l  substance fragments i n t o  f r e e  r a d i c a l s  which a r e  
s t a b i l i z e d  by t r a n s f e r  o f  hydrogen t o  y i e l d  asphal tene ,  o i l  and gaseous products .  
In t h e  abscence o f  a c a t a l y s t  some of  t h e s e  r a d i c a l s  may combine t o  produce inso luble  
c h a r .  I n  t h e  presence o f  a c a t a l y s t ,  more of  t h e s e  r a d i c a l s  a r e  s t a b i l i z e d  by hy- 
drogen t r a n s f e r  t o  produce s o l u b l e  products .  

f o r  var ious  lengths  o f  t ime i n  t h e  abscence and a l s o  i n  t h e  presence of  molybdenum 
hexacarbonyl a s  a c a t a l y s t .  The r e s u l t s  show (Fig .  1 )  t h a t  t h e  amount of asphal tene 
i n c r e a s e s ,  reaches  a maximum and then decreases  with t ime.  
i n  t h e  i n i t i a l  s t a g e s  of t h e  r e a c t i o n  and i t s  decrease  i n  t h e  l a t e r  s t a g e s  i s  f a s t e r  
i n  t h e  ca ta lyzed  than i n  t h e  uncatalyzed hydrogenation. 
he lps  t o  l iquefy  c o a l ,  it a l s o  h e l p s  t o  convert  asphal tene  i n t o  o i l .  

wi th  time and t h e  i n c r e a s e  i s  f a s t e r  i n  t h e  presence o f  a c a t a l y s t  than i n  i t s  
abscence. 

Di f fe rence  i n  t h e  weight of t h e  vacuum d i s t i l l a t i o n  r e s i d u e  and t h e  

The r e s u l t s  were c a l c u l a t e d  a s  fo l lows:  

Effect  of C a t a l y s t s  on Coal Conversion: For t h e  Navajo Mine coal  (Table 2 )  

Ef fec t  of  C a t a l y s t s  on Product D i s t r i b u t i o n :  

In  our experiments t h e  product  o f  l i q u e f a c t i o n  was p a r t i t i o n e d  i n t o  asphal tene 

I n  uncatalyzed hydrogenation of  York Canyon Mine coa l  t h e  r a t i o  of asphal tene t o  

Also t h e  sum of  asphal tene  and o i l  y i e l d  i s  near ly  100 percent .  This  ind i -  

Ef fec t  of Reaction Time and Temperature: York Canyon Mine coa l  was hydrogenated 

The i n c r e a s e  i n  asphal tene 

Thus a c a t a l y s t  not  only 

P a r a l l e l i n g  above r e s u l t s ,  t h e  amount of  o i l  produced (Fig.  1) a l s o  increases  

The e f f e c t  of  temperature  on t h e  product d i s t r i b u t i o n  i n  some ca ta lyzed  and 
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uncatalyzed hydrogenations i s  shown i n  Fig.  2 .  
produced i n  t h e  e a r l y  s t a g e s  of  t h e  r e a c t i o n  i n  t h e  ca ta lyzed  than i n  t h e  uncatalyzed 
process .  In t h e  l a t e r  s t a g e s  of t h e  r e a c t i o n  asphal tene  is  converted f a s t e r  i n t o  o i l  
and gaseous products i n  t h e  ca ta lyzed  than  i n  t h e  uncatalyzed r e a c t i o n s .  Molybdenum 
hexacarbonyl appears  t o  be a b e t t e r  c a t a l y s t  i n  t h i s  r e s p e c t  than  stannous c h l o r i d e .  

The sum of t h e  percent  of product found t o  be asphal tene  and o i l  (Table 5) de- 
c r e a s e s  with time and wi th  i n c r e a s e  i n  temperature .  This  i n d i c a t e s  t h a t  asphal tene  
and o i l  a r e  being converted i n t o  gaseous products  a t  h igher  temperatures and longer 
r e a c t i o n  t imes .  
shows t h a t  more gaseous products  a r e  formed i n  t h e  former than  i n  t h e  l a t t e r  case ,  
and again molybdenum hexacarbonyl i s  more e f f e c t i v e  i n  t h i s  r e s p e c t  than stannous 
c h l o r i d e .  

A s  noted b e f o r e ,  more asphal tene  i s  

Comparison of  t h e  ca ta lyzed  wi th  t h e  unca ta lyzed  hydrogenations 
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Asphaltene. 


